A high-frequency radar system has been deployed in Galway Bay, a semi-enclosed bay on the west coast of Ireland. The system provides surface currents with fine spatial resolution every hour. Prior to its use for model validation, the accuracy of the radar data was verified through comparison with measurements from acoustic Doppler current profilers (ADCPs) and a good correlation between time series of surface current speeds and directions obtained from radar data and ADCP data. Since Galway Bay is located on the coast of the Atlantic Ocean, it is subject to relatively windy conditions, and surface currents are therefore strongly wind-driven. With a view to assimilating the radar data for forecasting purposes, a three-dimensional numerical model of Galway Bay, the Environmental Fluid Dynamics Code (EFDC), was developed based on a terrain-following vertical (sigma) coordinate system. This study shows that the performance and accuracy of the numerical model, particularly with regard to tide-and wind-induced surface currents, are sensitive to the vertical layer structure. Results of five models with different layer structures are presented and compared with radar measurements. A variable vertical structure with thin layers at the bottom and the surface and thicker layers in the middle of the water column was found to be the optimal layer structure for reproduction of tide-and wind-induced surface currents. This structure ensures that wind shear can properly propagate from the surface layer to the sub-surface layers, thereby ensuring that wind forcing is not overdamped by tidal forcing. The vertical layer structure affects not only the velocities at the surface layer but also the velocities further down in the water column.
Introduction
High-frequency (HF) radar systems are increasingly being used to measure surface currents in coastal areas. Since the sea surface is quite dynamic, it is necessary to ensure the measurement quality of such systems before using them for other purposes. The more traditional method of measurement of coastal currents uses acoustic Doppler current profilers (ADCPs), which give current velocities at various depths throughout the water column. Both data sources are extremely useful for the validation of numerical models as well as for the verification of the accuracy of measured data. Mau et al. (2007) used Coastal Ocean Dynamics Applications Radar (CODAR) data to validate their numerical model by comparing measured and modeled M2 tidal ellipses in the New York Bight and Block Island Sound. They also used ADCP measurements at five sites to validate the modeled vertical velocity profiles. Their models reproduced well the regional tidal flow pattern as well as the vertical tidal velocity structure. Liu et al. (2010) compared the HF radar and ADCP radial currents at low wave energy. It was found that the values of the root mean square error (RMSE ) between the HF radar data and ADCP radials were reduced when the significant wave height was less than 0.3 m. Ebuchi et al. (2006) compared HF radar data with measurements collected by shipboard ADCPs. It was found that, owing to the depth of the shipboard ADCPs, the wind drift obtained by shipboard ADCPs was considered to be much weaker than the HF radar measurements, and comparison of zonal and meridional velocities showed reasonable agreement. Teague et al. (2001) compared the near-surface currents measured by multifrequency radars and ADCPs at several locations. In their study, four different radar wavelengths were used to examine the vertical structure of the currents. It was concluded that currents from HF radars and ADCPs were highly correlated and showed similar behavior with depth. Kelly et al. (2002 Kelly et al. ( , 2003 compared HF radar data with ADCP measurements on the West Florida Shelf. They found that the surface currents along the shelf measured by HF radars were around 30% larger than the measurements from ADCPs according to the standard deviation and linear regression slopes. Yoshikawa et al. (2007) studied the structure of wind-driven flow in the Tsushima Strait by analyzing the ADCP measurements and HF radar data. They found that wind-driven flow was balanced with wind stress after 11e13 h, half of the inertial period at their study latitude. Kuang et al. (2012) used abundant CODAR measurements to assess the fidelity of surface currents from a coastal ocean model. They compared the vector maps of the mean surface current obtained from the numerical model and CODAR. They found that the model and CODAR obtained the correct mean flow pattern, and both the model and CODAR surface currents showed strong currents flowing out of the eastern end of Long Island Sound. In order to further validate the model, they also compared the M2 tidal ellipses in the Middle Atlantic Bight obtained from the model and CODAR, and found that the modeled ellipses agreed with measurements for all 16 sites. O'Donncha et al. (2015) also used CODAR and ADCP measurements to characterize the circulation patterns of surface currents.
Accurate forecasting of surface currents in Galway Bay is highly important to marine renewable energy extraction and search and rescue operations. In this study, currents in Galway Bay on the west coast of Ireland were observed using HF radars and ADCPs at a fixed location. The surface current speeds and directions obtained from HF radars and ADCPs were compared. The currents were also modeled using the three-dimensional (3D) Environmental Fluid Dynamics Code (EFDC). The modeled surface currents were compared with HF radar measurements. Models with different vertical layer structures were run, and their accuracy was assessed using the vertical current profiles measured by ADCPs and the surface currents recorded by HF radars.
Galway Bay and observed current velocities

Description of Galway Bay
Galway Bay is located on the west coast of Ireland, with the bay entrance opening to the Northeast Atlantic Ocean. The bay is semi-enclosed as it is partially shielded from the harsh Atlantic conditions by three islands called the Aran Islands. The water depth of the inner bay covered by CODAR is in the range of 10e40 m. Meteorological conditions in Galway Bay are mainly influenced by the Atlantic weather system. The bay is bounded approximately by latitudes from 53 N to 53 18 0 N and longitudes from 8 54 0 W to 9 42 0 W. Fig. 1 shows Galway Bay and the locations of the measurement instruments, where C 1 and C 2 are Mutton Island and Spiddal HF radar stations, respectively, A is the ADCP measurement site, T is the tidal gauge, and the red rectangular domain is the area of comparison of the mean surface currents.
CODAR
The CODAR system is a type of portable, land-based HF radar system that can measure the near-surface ocean currents in a coastal area (Kaplan et al., 2005) . The measurements obtained from the CODAR system are nearly real-time. The rough ocean surface information is obtained by the radar signal, which scatters in many directions. When the radar signal scatters off a wave whose wavelength is exactly equal to half of the transmitted signal wavelength (Wang et al., 2004; Haus et al., 2000) , the radar signal can return measurement information. A single HF radar station, or mast, only determines the radial component of the surface current relative to that station. Total surface current velocities can be computed and displayed as vector maps through combination of the radial velocity components of surface current from two or more different masts. The CODAR system can provide rich datasets, which can be used to explore the dynamic process of surface currents (Paduan and Washburn, 2013) .
CODAR data have had a wide range of applications in recent years, and they have been used to generate animations of the surface current circulation, to investigate tidal processes and generation of eddies in the coastal ocean, to validate numerical models (Paduan et al., 2006) , to improve model forecasting by assimilating available observations into models (Gopalakrishnan, 2008) , and to provide useful information for marine ecology (Paduan and Washburn, 2013) .
There are two CODAR SeaSonde HF radar stations in the CODAR system of Galway Bay: Mutton Island Station (C 1 in Fig. 1 ), located at Mutton Island Waste Water Treatment Plant, and Spiddal Station (C 2 in Fig. 1 ), located at Spiddal Pier. The CODAR system is able to compile surface current maps for the inner bay area at a spatial resolution of 300 m and a temporal resolution of 60 min. The radar bandwidth is 500 kHz at both stations. The center frequencies are 26.425 MHz and 24.640 MHz for the Mutton Island Station and Spiddal Station, respectively. Depending on the roughness of the ocean surface, the coverage domain varies over time, and so temporal and spatial gaps can exist in the output. Fig. 2 shows the surface current map measured by CODAR at 9:00 on Julian Day 220, 2013.
ADCP
A bed-mounted ADCP was deployed in Galway Bay at location A in Fig. 1 . The frequency of the ADCP was 600 kHz. Time series of current speed and direction on vertical layers were recorded. The water depth was about 20 m at the measurement site. The ADCP measured currents over 2-m depth increments. The area 3.2 m beneath the surface cannot be measured due to the side lobe interference area with the 2-m depth cells. Data were recorded every 60 min and the measurement period was from 0:00 on Julian Day 212, 2013 to 0:00 on Julian Day 335, 2013.
Quality control
In order to improve the measurement precision, quality control was undertaken before comparison. The recorded data from CODAR were filtered before results were output. The extreme values, which were greater than 100 cm/s, were not recorded. The standard deviation (SD) of surface velocity components was also provided in the output file.
Owing to the complicated sea surface conditions, the top layer current measured by ADCPs was very noisy. Low-water level (LWL) current was used to calibrate CODAR data. In order to compare vertical current profiles from models and ADCPs, the top layer current from the ADCPs was low-pass filtered.
Comparison of measured data
A comparison of time series of surface current speed and direction measured by CODAR and ADCP at location A is shown in Fig. 3 , where the time period for comparison is from 0:00 on Julian Day 231, 2013 to 0:00 on Julian Day 237, 2013. Both the speeds and directions show strong correlation, providing confidence in the accuracy of the measured datasets. It was important to establish this confidence before using the measured data for validation of the numerical model.
Development of numerical model
Model description
The numerical modeling code EFDC was used to simulate the hydrodynamic circulation of Galway Bay. EFDC was developed at the Virginia Institute of Marine Science and is currently supported by the U.S. Environmental Protection Agency (EPA) (Hamrick, 1992) . It comprises four linked modules: hydrodynamic, water quality and eutrophication, sediment transport, and toxic chemical transport modules (Zou et al., 2006; Jin and Ji, 2004) . Only the hydrodynamic module was used for this study. This module solves the threedimensional, vertically hydrostatic, free surface, turbulent averaged equations of motion for a variable-density fluid. The model uses a sigma vertical coordinate system and either regular or curvilinear, orthogonal, horizontal coordinates. The model has been used in a variety of modeling studies.
The model was applied to the domain shown in Fig. 1 using a horizontally regular grid coordinate system. A 150 m horizontal spatial resolution was employed, yielding 380 Â 241 grid cells. The temporal resolution in the model was 3 s. The 
Vertical layer structure
EFDC uses a sigma vertical coordinate system where the number of vertical layers is the same at all horizontal locations in the model grid (Hamrick, 2006) . The transformation formula is expressed in the following way (Kelly et al., 2002) :
where z * is the physical vertical coordinate, or Cartesian coordinate; h is the depth of the water column; h is the free surface elevation; and z is the stretched, dimensionless vertical coordinate, or sigma coordinate, with z ¼ 0 (z * ¼ Àh) representing the bottom topography, and z ¼ 1 (z * ¼ h) representing the free surface. EFDC utilizes external-internal mode splitting to solve the horizontal momentum equations and continuity equation on a staggered grid. In the internal mode, horizontal velocity components on every layer are solved. The following equations make it possible to remove a degree of freedom from total momentum equations in the vertical direction to form the external mode equations (Hamrick, 1992 (Hamrick, , 2006 :
where D k is the thickness of the kth vertical layer (k ¼ 1 is the bottom layer closest to the seabed), K is the number of vertical layers, u k and v k are the east-west (x direction) and north-south ( y direction) components of the horizontal velocity on the kth layer, respectively, and an over bar indicates an average over the depth of the water column. Eqs. (2) and (3) show that the magnitude of the horizontal velocity components on every layer are dependent on the layer thicknesses. Model results indicated that the accuracy of the surface currents and the vertical velocity profiles were highly sensitive to the vertical layer structure (Hamrick, 1992) . To test the sensitivity of the model to the vertical layer structure, five models with different vertical layer structures were developed. For consistency, all five models had ten vertical layers. In the models, a vertical layer thickness is specified as the ratio of the vertical layer height to the total water column height, such that the sum of all layers' thicknesses is 1.0. To maintain the same relative influence of wind and bottom roughness across all models, a surface layer thickness of 1% of the total water column height and a bottom layer thickness of 2% of the total water column height were employed in all models. The thickness of the other layers varied among the five models, as shown in Table 1 .
Wind stress
Wind forcing in EFDC is treated as a surface stress computed as follows:
where t xz and t yz are the surface shear stresses in the x and y directions, respectively; U w and V w are the x and y components of the wind velocity 10 m above the water surface, respectively; and k w is a wind stress coefficient. The model's ability to simulate wind-induced surface currents is obviously dependent on Eqs. (4) and (5) and on the formulation of k w in particular. Previous studies by Nagle (2013) and Wen (1995) found that best model results were achieved for Galway Bay when a constant k w of 2.6 Â 10 À6 was used. The same value was employed for the present study.
Input data
The meteorological data (temperature, rain, solar radiation, and relative humidity) were obtained from a weather station located at National University of Ireland, in Galway (http:// weather.nuigalway.ie/). Flow data from the River Corrib, which enters Galway Bay to the north of point C 1 in Fig. 1 (Egbert and Erofeeva, 2002; Padman and Erofeeva, 2004) . In order to validate the tidal forcing on open boundaries, time series of water level at location T obtained from the EFDC model were compared with tidal gauge measurements during the stable simulation period. The simulated results from EFDC showed agreement with tidal gauge measurements, as shown in Fig. 4 , where the time period for comparison is from 0:00 on Julian Day 217, 2013 to 0:00 on Julian Day 230, 2013.
Wind data for the model were obtained from the Mace Head meteorological station, which is located on the coast to the west of the model domain. In order to run the model with Eqs. (4) and (5), the original Mace Head wind data were filtered, and we set the value at 12 m/s if the original wind speed was greater than 12 m/s. The wind direction used in our model was the same as in the original Mace Head wind data. Table 1 Vertical layer thicknesses for five models. 
Results
Comparison of surface velocity
To demonstrate the influence of vertical layer configuration on model performance, surface current speeds at point A obtained from five EFDC models were compared with CODAR measurements, as shown in Fig. 6 , where the comparison period was from 0:00 on Julian Day 220, 2013 to 0:00 on Julian Day 230, 2013. Fig. 6 indicates that the surface current speeds of model EFDC_5 are close to the CODAR measurements. Model EFDC_2 showed a large RMSE value of 17.18 cm/s at location A during our research period, and the values for models EFDC_4 and EFDC_5 were lower, 6.35 cm/s and 6.39 cm/s, respectively.
In order to further investigate the influence of the vertical layer structure on modeled surface currents, the values of RMSE between the modeled and measured surface velocity components were calculated, as shown in Table 2 , where RMSE u is the RMSE between the surface velocities in the x direction obtained from the model and CODAR, and RMSE v is the RMSE between the surface velocities in the y direction obtained from the model and CODAR. Modeled surface currents were first averaged in time to match the hourly temporal resolution of the CODAR data. The values of RMSE between the model and measured data were then computed across the full CODAR domain and averaged spatially to obtain a single RMSE at each measurement location. The time period for RMSE calculation was the same as that shown in Fig. 6 .
For the surface velocity component u, model EFDC_5 is optimal, with a minimum RMSE u of 13.08 cm/s. For the surface velocity component v, model EFDC_4 has the lowest RMSE v , and EFDC_5 has a relatively low RMSE v value compared with models EFDC_1, EFDC_2 and EFDC_3. The values of RMSE v of EFDC_4 and EFDC_5 are very close to one another. Overall, model EFDC_5 appears to be optimal with regard to reproducing the surface currents measured by CODAR. The surface currents were found to be highly sensitive to the type of wind forcing and the wind stress formulation. Further sensitivity analyses are currently being undertaken in these areas. Fig. 7 shows vector plots of mean surface currents from CODAR and EFDC models for the rectangular area shown in Fig. 1 ; this is the area with the highest CODAR coverage. The averaging period was the same as the comparison period shown in Fig. 6 . The mean surface current measured by CODAR shows a strong west-east flow trend. There are significant differences between surface current circulations modeled by models EFDC_1 to EFDC_4 and CODAR measurements. Clockwise circulation exists in EFDC_2 and EFDC_3 and anticlockwise circulation exists in EFDC_1. Although a small anticlockwise circulation exists in EFDC_5, the time-averaged current vectors from CODAR have much in common with those from model EFDC_5, showing a strong west-east current flowing into the inner bay. In summary, in comparison with the other four models, EFDC_5, with thin layers at the surface and bottom and thicker layers in the middle of the water column, is best able to reproduce the surface current circulation. Circulation in Galway Bay is also strongly influenced by a semi-diurnal tide. In order to further compare the model results, M2 tidal current ellipses were computed using both CODAR measurements and the model data. M2 tidal current ellipses at twenty locations with a high density of CODAR coverage in time are presented in Fig. 8 .
Mean surface current maps and M2 tidal current ellipses
The tidal ellipses obtained from CODAR data exhibit considerable spatial variation in amplitude and phase. The mean differences in the semi-major axis, semi-minor axis, and inclination between CODAR and EFDC_5 were computed at the twenty locations. The mean differences were 1.76 cm/s for the semi-major axis, 0.64 cm/s for the semi-minor axis, and 18 for the inclination. The worst tidal ellipse at these comparison locations is from model EFDC_2 (Fig. 8(b) ). A significant difference appears between CODAR data and results from model EFDC_2. Visser et al. (1994) used a two-layer model to study the effect of stratification on tidal current profiles. They found that the inclinations of the upper and lower axes are offset up to 20 with respect to one another and the relative orientation of this offset appears to change significantly at some points during the stratified period. In short, the close correlation between the characteristics of the M2 tidal ellipses obtained from EFDC_5 and CODAR in this study confirms that model EFDC_5 can capture M2 tidal current ellipses similar to those captured by radar measurements.
Vertical profiles of current speed and direction
In order to investigate the impact of vertical layer structure on the vertical profile of the current speed, vertical profiles of the current speed obtained from different models were output over the course of a tidal cycle and compared with those computed from ADCP data. The vertical profiles of modeled and measured current speeds at location A are shown in Fig. 9 at mid-flood, high water, mid-ebb, and low water. Since the measured ADCP data were obtained every hour, the modeled current data were averaged over 60 min for comparison. For the vertical current profiles, the current on the top layers is sensitive to the wind forcing, while the current on the bottom layers slows due to bottom drag effects (Nagle, 2013; Wen, 1995) . It can be seen from Fig. 9 that at mid-flood, usually with maximum surface currents, all of these models can obtain a vertical distribution of current speed similar to the ADCP data except for EFDC_2. EFDC_5 matches more closely than others. At high or low water, the value of the current speed is significantly lower than at mid-flood and mid-ebb. The current speed obtained from EFDC_2 deviates widely from ADCP measurements at high water. However, the differences between these models are not significant at low water. In general, at mid-flood and mid-ebb, EFDC_5 is able to well predict the vertical distribution of current speed, while at high or low water, the performance of the model is not as good.
The influence of the vertical layer structure in the model on the current direction was also studied. Vertical profiles of the current direction from models and ADCPs at location A at four different times are shown in Fig. 10 . Obviously, the vertical layer structure has an influence on the current direction. The difference in the current direction between five models is not significant at mid-flood and mid-ebb, at which the current speeds are larger than at high water and low water. The analysis from Figs. 9 and 10 shows that ADCP data were very useful for model validation. Moreover, the speeds and directions of currents on vertical layers in the 3D model were sensitive to the vertical layer structure. More attention needs to be paid to simulation.
Conclusions
A three-dimensional model (EFDC) of Galway Bay, a semienclosed bay on the west coast of Ireland, was developed. The surface currents obtained from the model were compared with measurements of CODAR and ADCP. To verify the accuracy of the measured datasets, surface currents extracted from ADCP data were compared with those measured by HF radars. Five different vertical layer structures were investigated and the EFDC model performance was found to be sensitive to the structure of the vertical layers. Comparisons were conducted between surface currents, M2 currents, and vertical profiles of current speed and direction obtained from models and ADCP in order to determine the optimal vertical layer structure. The following conclusions are drawn: (1) The high level of correlation between time series of surface current speeds and directions from CODAR and ADCP confirmed that the two observation systems were capable of capturing the surface current and were reliable and accurate.
(2) The use of OTPS tide data to drive the model produced good correlation between measured and modeled water levels within the model domain.
(3) The modeled results show that model accuracy is dependent on the structure of the vertical layers. The sensitivity analysis shows that a variable thickness structure is best, where layers are thinnest at the top and bottom of the water column and the thickness gradually increases towards the middle of the water column. This ensures that wind shear can properly propagate from the surface layer to the sub-surface layers, thereby ensuring that wind forcing is not overdamped by tidal forcing. This is particularly important in shallow water where the surface layer (1% of the water depth) is quite thin compared with that in deep water.
(4) The vertical layer structure affects not only the velocities in the surface layer but also the velocities further down in the water column and significantly different velocities can be obtained for different vertical layer structures. In addition, the vertical layer structure affects the direction of currents over the water column. Careful attention should be paid to the vertical layer structure during development of 3D models.
